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III. Oklahoma's Universal Preschool Program
In 1990, Oklahoma established a pre-K program for disadvantaged children. Specifically, all school districts that wanted to offer a pre-K program received state aid for four-year-olds who met Head Start income eligibility requirements. The program was well-received, and in 1998 the State Legislature voted to make it universal, triggering substantial increases in enrollments (see Figure 1) .
Under One key provision of Oklahoma's universal pre-K program is that all teachers must have a college degree and a certificate in early childhood education. A corollary is that pre-K teachers receive the same compensation as teachers in public elementary schools, which clearly distinguishes these programs from daycare centers, where wages are much lower. Group sizes are set at 20 and child/staff ratios are set at 10/1. Although pre-K services are provided by public schools, collaborative arrangements are possible. Approximately 18 percent of Oklahoma children enrolled in a public pre-K program are enrolled in a collaborative program with Head Start, a group daycare center, a private school, or some other type of facility. We decided to focus on the Tulsa Public Schools (TPS) pre-K program for three reasons. First, the TPS is the state's largest school district, in terms of enrollment: 41,495 students, as opposed to 37,231 students in Oklahoma City, the second largest district. Second, the ethnic composition of the TPS student body is quite diverse. The student body is: 44 percent white; 36 percent black; 10 percent Hispanic; 9 percent Native American; and 1 percent Asian. Third, beginning in September 2000, the TPS administered an annual Early Childhood Skills Inventory to students entering TPS pre-K and to students entering TPS kindergarten. Together with TPS's birthday cutoff policy, this testing allows us to estimate the effects of a universal pre-K program using a regression-discontinuity approach that contrasts the performance of children born just before the cutoff date (the treatment group) to the performance of children born just after the cutoff date (the control group), at the same time controlling for continuous age effects.
A. Tulsa's Database
In August 2001, TPS administered a 26-item test to most students about to enter their pre-K and kindergarten programs.6 The tests were given to students, individually, by TPS teachers, who informed parents in advance that their child would need to be 
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The Journal of Human Resources tested at a particular time.7 Approximately 76 percent of the district's 1,690 pre-K students (1,284) and approximately 66 percent of the district's 3,441 kindergarten students (2,276) were tested, yielding a total sample of 3,560 children.8
Did the test-takers make up a representative sample of TPS preschoolers? As Table  1 shows, the gender and free-lunch-eligibility of the tested children are quite similar to their corresponding populations. There are some small, statistically significant differences in the racial compositions: Hispanic students are underrepresented in our TPS pre-K test sample (10 percent level); black students are underrepresented in our TPS kindergarten test sample (5 percent level); and white students are overrepresented in our kindergarten test sample (5 percent level). There are no other statistically significant differences between the observed characteristics of our sample and the observed characteristics of the universe of children, but since few measured characteristics are available to us, we cannot say more definitively whether our sample is fully representative of the population of Tulsa four and five-year-olds.
Thanks to the cooperation of the Tulsa Public Schools, we know which children who enrolled in kindergarten in September 2001 participated in the TPS pre-K program during the previous year. Unfortunately, for children who did not participate in the TPS pre-K program during 2000-2001, we do not know whether they participated in a private pre-K program or the Head Start program, unless the Head Start program was involved in a collaborative relationship with TPS. Thus, for some of the children, we only know that they did not participate in the TPS pre-K program, not whether they had no pre-K experience. This means that our empirical strategy can only estimate the treatment-on-the-treated effect-the effect on test scores of attending TPS pre-K. Given the data limitations, we cannot estimate the intent-to-treat effect-the effect on the population's test scores of making the TPS pre-K program available.
IV. Empirical Strategy

A. Research Design
This paper examines whether attending a TPS pre-K program leads to short-term improvements in test outcomes for children. The relationship between TPS pre-K and test scores can be captured using the following model:
(1) yi = ,Xi + 0 Ti + ui These test-score data could be used in a cross-sectional analysis to compare the scores of kindergarten students who attended TPS pre-K the previous year (Treatment) to the scores of those who did not (Controll), controlling for other observable characteristics. As mentioned earlier, though, such an analysis would likely yield misleading results, because the former group could have unobservable characteristics that differ from the latter group. Table 2 illustrates the problem associated with this cross-sectional regression. There are four different tests, measuring social/emotional skills, cognitive/knowledge skills, motor skills, and language skills. We also include the total test score, which is 9. In a very small number of cases, TPS pre-K deviates from this general rule. For example, a special education child who needs speech therapy may be admitted to pre-K ahead of schedule (Wade 2003) . Also, three parents lied about their children's ages in order to get them enrolled in a TPS pre-K class ahead of schedule (Lytal 2003) . Once this was discovered, the children were asked to leave. the sum of the scores from the four tests. Although the treatment group of children who have had TPS pre-K shows statistically significant higher scores for the four different tests, the treatment and control samples differ along many of the observed characteristics. For example, the children who were in TPS pre-K are more likely to 542 The Journal of Human Resources have been on the full free-lunch program and less likely to have not qualified for any free-lunch program, and a much higher proportion of these children are black. The differences in observable characteristics suggest that Control] is not a valid control group, and that there may well exist unobservable differences across the two groups. To the extent that these differences influence test outcomes, the regression strategy would yield biased estimates.10 Another estimation strategy would involve comparing the test scores of kindergarten students who attended TPS pre-K the previous year (Treatment) to the scores of the children just beginning TPS pre-K (Control2). This has the advantage of choosing both a treatment and a control group that selected into the treatment, with the latter not yet having been treated. But even if one controls for the effect of age on test scores, a potential problem with this strategy is that, while the selection criteria may be constant over the two years, the different populations may have different characteristics. This could be because of changing sociodemographic characteristics within Tulsa over time or changes in the selection process of parents over time. The former suggests the possibility of omitted-variables bias (if unobservable determinants of test scores also differ over time), and the latter suggests the possibility of selection bias (since different populations are selecting into TPS pre-K over time).
The first set of columns in Table 3 confirms these concerns. The difference in test scores between those who qualified and enrolled in TPS pre-K the previous year (denoted as "Before 9/1") and those who are currently qualified and enrolled in TPS pre-K (denoted as "After 9/1") is quite substantial. The total test score is 5.7 points higher for those children who were previously in TPS pre-K than for those who are currently in TPS pre-K. Keep in mind that much of this test differential is likely attributable to age differences. But even after controlling for age, the omitted-variable bias and selection bias are a concern in this analysis, because the two groups differ substantially in their other observable characteristics. The treatment group has a higher proportion of children in the full free-lunch program, a lower proportion of children with no or only partial free-lunch program, and a higher proportion of nonwhites (especially Hispanics). Again, these differences suggest that the two groups probably also have different unobservable characteristics, which could lead to biased estimates."
In the second and third set of columns, we can see that narrowing the margin closer to the cutoff qualification birth date results in a decrease in test score differentials, which is likely attributable to the reduced influence of age. We also see that some of the differences in observable characteristics disappear as the margin narrows. For example, there is no statistically significant difference in the proportion of children who are nonwhite once the margin is reduced to six or three months. However, some differences in observable characteristics still persist. 10. A regression comparing kindergarten children who were in TPS pre-K to kindergarten children who were not in TPS pre-K results in estimated test impacts lower than in the regression-discontinuity estimations reported later (see Working Paper # 1, http://www.crocus.georgetown.edu).
11. A regression comparing kindergarten children who were in TPS pre-K to current TPS pre-K children results in estimated test impacts lower than in the regression-discontinuity estimations reported later (see Working Paper # 1, http://www.crocus.georgetown.edu). In order to address the concerns about using observational data, we base our empirical strategy on the strict birthday cutoff which generates a highly nonlinear relationship between age and whether a child attended TPS pre-K in 2000 or 2001.
The assignment of TPS kindergarten attendance in 2001 (versus TPS pre-K attendance in 2001) as a function of age lends itself to a regression-discontinuity design (see Cook and Campbell 1979) . The control group (consists of those young children who missed the cutoff birth date and therefore were in TPS pre-K in 2001) and the treatment group (consists of those "old" children who made the cutoff birth date and therefore were in TPS pre-K the year before). Even though the older children are likely to be systematically different from the younger children (with these differences contributing to higher test scores), the children who barely missed the September 1 cutoff birth date are likely to be comparable to the children who barely made the cutoff birth date.
The identifying assumption that needs to hold is that the unobservable characteristics of the children not vary discontinuously around the cutoff birth date. That is, the children who were in TPS kindergarten in 2001 and attended TPS pre-K in 2000 may be different from the children who attended TPS pre-K in 2001 (aside from differences in age), but the research design assumes that these differences are not discontinuous at the cutoff birth date. If there are differences in unobservable characteristics of the children near the cutoff birth date, then this identifying assumption may not hold. For example, parents with children born near the cutoff date might be concerned about their children being either the youngest or oldest in their grade; this may influence their children's test scores in unobservable ways. A discontinuity of unobservable characteristics at the cutoff date could bias our results. But we find that observable characteristics are not discontinuous at the cutoff birth date, which suggests (though not conclusively) that the identifying assumption holds. Therefore we believe that the assumption of constant treatment effects is reasonable. However, if the impact of TPS pre-K on test scores is different for children with different birthdays, then one cannot make causal inferences across the range of birthdays.
B. Quadratic Specification
If the birthday cutoff requirement were perfectly enforced, then there would be a perfectly discontinuous relationship between birth date and enrollment. In that case, a properly specified OLS model, including a dummy variable for whether the child made the cutoff, would result in unbiased estimates of the effect of TPS pre-K (assuming, again, that all the other determinants do not vary discontinuously at the same cutoff date).
As mentioned earlier, there are 3,560 children in our sample. Because we are estimating the effect of the TPS pre-K program, our treatment group consists of children who were in TPS pre-K in 2000 and in TPS kindergarten in 2001. We therefore drop the 1,164 observations of kindergarten children who were never in TPS pre-K, leaving 1,112 children in our treatment group. Our control group consists of the 1,284 children who are just beginning TPS pre-K in 2001. We drop the 20 outlier observations that fall outside the 12-month plus-or-minus range of the cutoff date, leaving a total sample of 2,376 observations. Although the relationship between birth date and enrollment for the remaining 2,376 children is not perfectly discontinuous, it is close enough that we proceed as if it were.12 That is, we drop the observations for the 18 children who qualified for TPS pre-K in 2000 but were in TPS pre-K in 2001, and we drop the observations for the four children (three born right on the cutoff date) who qualified for TPS pre-K in 2001 but were in TPS kindergarten in 2001. This leaves 2,354 observations in our sample.
Our goal is to estimate a flexible specification of test scores as a function of age leading up to and after the cutoff birth date. We accomplish this by separately regressing test scores on a second-order polynomial of the difference between birth date and cutoff date, for the sample of children born before and after the cutoff date. Figure 2 shows the scatter plots for the four different tests, as well as fitted cubic spline functions on both sides of the cutoff birth date.'3 While not conclusive, the figure suggests that the age/test score relationship is linear on both sides of the cutoff date.
We opted for a second-order, or quadratic, polynomial specification because it offers a more flexible fit for the age/test score relationship. We also tried higher-order polynomials, but the additional terms failed an F-test of joint significance. In addition, our results are fairly robust to linear, quadratic, and higher-order polynomial specifications. Using the quadratic specification, we compare test scores at the limit approaching from the left to test scores at the limit approaching from the right, and any effect of TPS pre-K is then captured in the difference.
The final set of columns in Table 3 shows that this method balances the observable characteristics between the children who were in TPS pre-K in 2001 (control group) and the children who were in TPS pre-K the previous year (treatment group). In the sixth through 16th rows (which show the demographic characteristics), all of the differences between the treatment and control groups are statistically insignificant.'4 This suggests that the quadratic regression-discontinuity design credibly replicates a randomized experiment, since the treatment and control groups are similar along observable characteristics.
The parents of children who just miss the TPS pre-K cutoff date might enroll them in a private pre-K while they wait a year to qualify for the TPS pre-K program. This would effectively give the children who just missed the cutoff date (control group) an extra year of pre-K relative to the children who just made the cutoff date (treatment group). As mentioned earlier, this study can only estimate the treatment-on-thetreated effect, so the counterfactual is what children did in the absence of TPS pre-K. We cannot estimate the intent-to-treat effect because we cannot distinguish between children who enroll in a private pre-K program, children who enroll in another program, or children who stay at home for the year awaiting TPS pre-K.
12. In a separate analysis (Working Paper # 1, http://www.crocus.georgetown.edu), we include the aberrational observations in the full sample and conduct an instrumental-variables estimation. The findings are very similar to the analysis in this paper, which is expected given the very small number of aberrational observations. 13. The categorical nature of the test data leads to plotting several points on top of each other. In order to make the graphs more readable, we added spherical random noise to each point before graphing. Table 3 compares the mean values for the treatment and control groups for whether the child sees an adult reading at home. We find no statistically significant difference in this measure between the treatment group and the control group at the discontinuity, which is what one would expect in a randomized framework. Because this variable is missing values for many children, we did not include it in our later regressions. In addition to showing that the covariate observations balance, Table 3 shows that the differences in the cognitive/knowledge test scores and the language test scores remain large and statistically significant at the cutoff date. This indicates that TPS pre-K increases cognitive/knowledge test scores by 0.541 points (out of a possible seven points) and increases language test scores by 0.561 points (out of a possible ten points). These effects are equivalent to 0.28 and 0.23 standard deviations, respectively. Again, these test score effects of TPS pre-K are relative to the control group of children who have not yet received TPS pre-K. Figure 3 shows the predicted values for the test scores at various ages, with a discontinuous increase in these test scores at the cutoff birth date. The figure also suggests that the relationship between test scores and age is primarily linear, so while the second-order specification offers added flexibility, it contributes little in terms of explanatory power. A linear specification leads to very similar results.
The last row of
The quadratic regression-discontinuity estimates for test scores can be estimated in a single-equation model that includes the difference (in days) between birth date and cutoff date, the square of this term, a cutoff dummy variable, and interactions. In our specifications, we also include other observable covariates in order to estimate the effects of these covariates on test outcomes. These other covariates (denoted as the vector Xi) measure whether the child receives no free lunch, partial free lunch, or full free lunch (no free lunch is the omitted category); whether the child is a boy or girl; and the race of the child (white, black, Hispanic, Native American, or Asian, with white as the omitted category). The estimation equation is as follows: 
V. Results
A. Quadratic Regression-Discontinuity
The last set of columns in Table 3 shows the difference in the predicted probabilities of the test scores using a quadratic parametric fit on both sides of the cutoff date. In Table 4 , we estimate Equation 3, which includes the observable covariates in the regression equation. Since the observable covariates are balanced at the cutoff (as shown in Table 3 ), adding these variables to the regression equation should not significantly change the estimation results. However, they do allow for tests of the impacts of these characteristics on test scores. Thus, we estimate Equation 3 in order to test the impact of TPS pre-K on the different test scores as well as the impact of the observable characteristics on the test scores. Table 4 The absence of statistically significant effects on socioemotional development is worth noting here. It is possible that the measures of socioemotional development are too few (only three) to capture the actual effects of TPS pre-K. Indeed, the mean score on this test was 2.74 (2.67 for the children who missed the cutoff birthday and 2.81 for the children who made the cutoff). And, as the first graph of Figures 2 and 3 shows, there is virtually no variation in this test score across ages. Therefore, the actual impact of TPS pre-K on socioemotional development may be masked by "ceiling effects" of the testing instrument.
In Table 5 we report results separately for Hispanics, blacks, and whites, depending on whether they were enrolled in a half-day or full-day TPS pre-K program. Each cell of Table 5 contains the estimated TPS pre-K treatment effect for race by halfday/full-day program. The table does not report the coefficient estimates for the other covariates. For each estimation the control group's race and half-day/full-day designation corresponds to the treatment group's race and half-day/full-day designation. In the case of Hispanics, we observe higher cognitive scores, higher language scores, and higher motor skills scores for those enrolled in a full-day TPS pre-K program than for those just beginning a full-day TPS pre-K program. In the case of blacks, we find higher language scores and higher cognitive scores for those enrolled in a full-day TPS pre-K program than for those just beginning a full-day TPS pre-K program. We also observe lower socioemotional scores for black children enrolled in a half-day TPS pre-K program than for black children just beginning a half-day TPS pre-K program. In the case of whites, those enrolled in a half-day TPS pre-K program have higher language scores than those just beginning a half-day TPS pre-K program.
It is difficult to determine the impact of full-day versus half-day programs, because different racial groups tend to sort into these programs. For example, for white children in a half-day program, there is a statistically significant effect on language test scores, but no such effect is found for white children in the full-day program. This might be because most of the white children select into a half-day program. Thus the high standard errors for the impact of the full-day program on white children's test scores may 15. If, instead, we estimate natural logs (rather than levels) of the test scores, we find that TPS pre-K leads to a 17.2 percent increase in cognitive/knowledge scores and a 16.5 percent increase in language scores (both significant at the 1-percent level), as well as an 8.4 percent increase in motor skills (significant at the 10-percent level). 16. Although we rely on the quadratic results throughout this paper, in another draft we conducted analyses for different functional forms (Working Paper # 1, http://www.crocus.georgetown.edu). We found that the results are robust across linear, quadratic, cubic, and quartic specifications. We also conducted estimations of these alternative functional forms in which the sample was restricted to birthdays within six months of the cutoff birth date. This analysis found very similar point estimates to the results with the one-year margin; however, the reduction in degrees of freedom did increase the standard errors. Table 4 . Statistical significance at the 1 percent, 5 percent, and 10 percent levels (two-tailed) is denoted by "a," "b," and "c," respectively. Kindergarten children are conditional on having been in TPS Pre-K.
be attributable to the small sample size. For Hispanic children-where the sample sizes are relatively even across full and half-day programs-there is a larger estimated impact of full-day relative to half-day programs. However, even here it is possible that the unobservable characteristics of Hispanic children who selected into the full-day program differ from those of Hispanic children who selected into the half-day program. If so, one cannot know for sure that a full-day program would be more effective than a half-day program if these Hispanic children-or other Hispanic children-were randomly assigned to full-day and half-day programs. What we do know is that the full-day program in Tulsa is more effective than the half-day program for Hispanic children who enrolled in these programs. The same logic applies to black children, where we also find the fullday program to be effective for black children who selected into it. It is possible that we have underestimated the impact of TPS pre-K on white children (especially for cognition), because a fixed-menu test is less likely to capture the achievement of high-performing students from more advantaged backgrounds, who are more likely to be white, than that of students of less priveleged backgrounds, who are more likely to be black or Hispanic.17 While not reported in the tables, we also find large and statistically significant improvements in cognitive/knowledge, motor skills, and language scores for children who qualified for the full free-lunch program. We find no statistically significant effect for the children who did not qualify for free lunch. Also, we find no impact of TPS pre-K on any test score for white children in the full free-lunch program, or for black children who were not receiving full or partial free lunch. This suggests that the advantages of TPS pre-K tend to accrue to minorities of low economic status.
VI. Conclusion
Because Oklahoma's pre-K program is universal, it is impossible to conduct a randomized experiment to assess its impact on test scores. Relying instead on observational data, we use the strict cutoff age qualification for TPS pre-K in order to replicate randomization.
Oklahoma's universal pre-K program offers tangible benefits to young children in Tulsa, especially low-income and minority children. For three of the four dimensions we examine-cognition, language, and motor skills-the effects of TPS pre-K on child development are clear. For the entire sample, we find an increase in cognitive/knowledge scores of approximately 0.39 standard deviation, an increase in language scores of approximately 0.38 standard deviation, and an increase in motor skills scores of approximately 0.24 standard deviation. We do not find a statistically significant impact of the TPS pre-K program on socioemotional development, but that might be because of the restrictive survey instrument used and the resulting lack of variation in the social/emotional test scores.'8
The positive effects of TPS pre-K are greatest for Hispanic children, followed by black children. For whites, there is only a modest positive impact on language test scores for those in the half-day program. The actual impact of TPS pre-K on white children may be greater than we have reported here because of "ceiling effects" from the testing instrument. We also find a positive impact of TPS pre-K on test scores for Notes: Standard errors in parentheses. Each of the rows represents a different set of regressions, each pertaining to a different margin of the data, as indicated in the row headings. Statistical significance at the 1 percent, 5 percent, and 10 percent levels (two-tailed) are denoted by "a," "b," and "c," respectively.
